Highly porous nanofoam can be fabricated via multiphoton ablation of a material by raster-scanning femtosecond laser pulses over the material surface. Here, we show the fabrication of nanofoam on the inside surface of a hollow silica capillary that has an inner and outer diameter of 640 and 700 µm respectively. A thin layer of nanofoam was fabricated over ~70% of the inner surface of the capillary. Ray-tracing simulations were used to determine the positional corrections required to account for refraction on the curved surface and also to explain the inability to fabricate nanofoam on the side walls of the capillary.
Introduction
Nanofoams are a class of nanostructured porous materials, and have potentially desirable applications in photonics, electronics, chemistry and medicine [1] - [6] .
Here, we use femtosecond laser pulses as the fabrication tool, as they offer the potential for precise control of the location where the nanofoam is produced.
The fabrication of nanofoam via high repetition rate laser ablation has previously been demonstrated in many materials, including carbon [7] , silica glass [8] , silicon [9] and chalcogenide glass [10] . In practice, the fabrication requires raster-scanning a laser focus over a target material, with a carefully chosen separation between adjacent raster-scanned lines.
The fabrication process when using high-repetition-rate femtosecond pulses, is understood as follows. The energy from the laser pulse is absorbed at the sur- timescale, leading to a significant accumulation of energy at the location of the laser focus, causing the material to melt and form a plasma. If the time separation between laser pulses is shorter than the glass melt time, the melted region is prevented from solidifying. As the energy increases further, jets of high temperature material are forced out of the plasma and subsequently cool rapidly, forming nanowires whose composition reflects that of the target material [8] . The result of this process is a highly disordered mesh of nanowires, which we refer to here as nanofoam.
This work builds on the study of the fabrication of nanofoam on planar surfaces [11] , such as glass slides, and translates this approach to fabrication inside a hollow glass capillary. Experimental results showing the fabrication of nanofoam inside a hollow capillary are presented, assisted via the use of ray-tracing simulation that describes how to correct for the effects of refraction of light from the curved surfaces. This proof-of-principle result may facilitate a diverse range of end applications, for example, microstructured optical fibres and particle filtration devices.
In order to fabricate nanofoam inside a hollow capillary, we require the laser light to propagate through the air-glass interface at the outer surface, and be absorbed at the glass-air interface at the inner surface. To achieve this, we must take advantage of multiphoton processes during fabrication, which can enable very short pulses of light to pass through a material when unfocussed, as the peak intensity is too low, whilst being absorbed by the material at the focus.
Therefore, femtosecond laser pulses were used for this approach.
In this manuscript, Section 2 illustrates the experimental setup and the fabrication process, while Section 3 provides a theoretical discussion on the refraction from the curved surface of a hollow capillary and an approach for compensating for the resultant positional errors. The experimental results are discussed in Section 4, and conclusions are presented in Section 5.
Experimental Setup
Laser pulses from a Ti: sapphire amplifier (150 fs pulse duration, 800 nm central wavelength), operating at a repetition rate of 250 kHz, were focused using a 50x 
Refraction Effects from a Hollow Capillary
This section provides a theoretical discussion of refraction effects that must be 
Results and Discussion
In Since optical microscopes lacked the resolution to image the nanofoam and suffer from refractive distortions similar to those discussed in Section 3, and since scanning electron microcopy (SEM) only allows imaging the surface of materials, nanofoam was generated along the last ~1 mm of the hollow capillary, to allow observation of nanofoam at the end-face of the capillary using a SEM. all positions on the inner surface. This effect could be compounded due to the plasma being constrained within a restricted geometry. Thirdly, and probably most significant, the result shows the need for a more sophisticated understanding of the refractive effects. The positional offsets were determined by attempting to correct the effects of refraction. Whilst these corrections enable the focus to follow the inner surface, the size of the focus was not taken into account. For example, towards the sides, even though the focus is positioned on the inner surface, the focus size is much larger and the intensity is therefore reduced. This has two direct consequences, namely that the intensity is reduced resulting in a lower volume of nanofoam, and secondly, the spatial overlap of the pulses is now changed from the optimal values of a ~3 µm diameter beam separated by ~5 µm.
As shown in previous work [11] , changes to the spatial overlap have significant effects on the volume of nanofoam produced. 
Conclusion
In conclusion, we have demonstrated the laser-based fabrication of nanofoam 
